Highly inelastic nonlinear interaction of liquefied soil and underground RC ducts is computationally investigated in view of the structural damage. The required ductility is expected to be insensitive to the risk of liquefaction for normally deposited layers of soil, and the lesser ductility is acceptable for the case of highly liquefiable foundation similar to the seismic isolation. Although the structural nonlinearity has a fewer effect on the uplift of the underground ducts, the amount of main reinforcement may control the structural damage with the same efficiency for both drained and undrained soil deposits.
Introduction
Underground facilities as indispensable parts of urban infrastructures are used for various applications ranging from small pipelines to large RC ducts and tunnels. In the past decades, less seismic damage to large underground structures was reported compared to on-ground ones although damages to small pipelines were observed as early as 1964 in Niigata and Alaska earthquakes (Hall and O'Rourke 1991) . These facts made structural engineers deem that underground RC structures might be rather safe until Hyogoken-Nanbu earthquake in 1995. This earthquake caused severe damages in some RC underground structures which failed in the mode of shear accompanying deteriorated axial load carrying mechanism . Afterward, this catastrophic damage was observed again in the following earthquakes of 1999 Chi-Chi, Taiwan (Wang et al. 2001) and 1999 Duzce, Turkey earthquakes (O'Rourke et al. 2001) . Thus, earthquake-induced damages to underground structures and the corresponding earthquake resistant designs have received remarkable attention.
Although the seismic performance of underground structures has been extensively investigated (for example An et al. 1997; Huo et al. 2005; Hashash et al. 2001) , there have been limited studies regarding the liquefaction-related seismic performance. Kimura et al. (1995) conducted centrifuge tests to examine the effect of various countermeasures against liquefaction with a mockup of underground structures. Koseki et al. (1997a and 1997b ) investigated dynamic behaviors of several types of underground structures in liquefiable sand subjected to earthquake excitations. Tamari and Towhata (2003) performed a series of shaking table tests on an aluminum fixed base structure model embedded in liquefiable soil to propose a solution for determining dynamic soil pressures on a flexible underground structure during liquefaction. In most of these researches, main focus has been addressed to nonlinear behaviors of soil foundation where a simple linear response of built-in structures was assumed. In contrast, this paper aims at deeper views towards the inelastic performances of underground RC structures subjected to seismic excitations in consideration of extremely high nonlinearity of liquefied soil foundations.
Seismic actions for practical designs of underground ducts are currently characterized by the forced displacement and/or mean strains imposed to the target structure through fictitious springs of soil foundation. First, free-field ground deformations under a specified design seismic event(s) are estimated and second, the underground RC is designed to accommodate these required deformations. This approach is satisfactory if the underground facility is located in a stiffer soil matrix (Hashash et al. 2001) .
In this paper, inelasticity and damage of RC ducts like subway tunnels, having interaction with liquefiable soils of extremely high nonlinearity, are targeted in use of the nonlinear dynamic finite element analysis. For investigating how much the structural nonlinearity would influence on the entire response, both linear and nonlinear analyses are used to numerically reproduce the underground structures. The mechanical properties and dimensions of structural models are systematically changed to examine their effects on the entire structural performances under ground. All analyses are conducted in both drained and undrained states of pore water. Liquefaction may greatly increase in the deformation of soil around structures, but at the same time, the stiffness and internal stress of soil are dramatically reduced as well. A question is raised, what is the resultant of the both kinematics in RC damages? 2. Nonlinear constitutive models 2.1 Constitutive model for reinforced concrete A reinforced concrete material model has been constructed by combining constitutive laws for cracked concrete and those for reinforcement. The fixed multidirectional smeared crack constitutive equations (Maekawa et al. 2003) are used as summarized in Fig. 1 . Crack spacing and diameters of reinforcing bars are implicitly taken into account in smeared and joint interface elements no matter how large they are.
The constitutive equations of structural concrete satisfy uniqueness for compression, tension and shear transfer along crack planes. The bond between concrete and reinforcing bars is taken into account in the form of tension stiffening model, and the space-averaged stressstrain relation of reinforcement is assumed to represent the localized plasticity of steel around concrete cracks. The hysteresis rule of reinforcement is formulated based upon the Kato's model (1979) for a bare bar under reversed cyclic loads. This RC in-plane constitutive modeling has been verified by member-based and structuraloriented experiments. Herein, the authors skip the details of the RC modeling by referring to Maekawa et al. (2003) .
Constitutive model for soil
A nonlinear path-dependent constitutive model of soil is essential to simulate the entire RC-soil system. Here, the multi-yield surface plasticity concept (Towhata and Ishihara 1985; Towhata 2008; Maekawa et al. 2003 ) is applied to formulate the shear stress -shear strain relation of the soil following Masing's rule (1926) .
The basic idea of this integral scheme is actualized to sum up component stresses which may represent microscopic events. First, the total stress applied on soil particle assembly, denoted by σ ij , can be decomposed into the deviatoric shear stresses (s ij ) and the mean confining stress (p) as,
(1) where δ ij is Kronecker's delta symbol.
Soil is idealized as an assembly of finite numbers of elasto-perfectly plastic components, which are conceptually connected in parallel. As each component is given different strengths, all components subsequently begin to yield at different total shear strains, which results in a gradual increase of entire nonlinearity. The nonlinear behavior appears naturally as a combined response of all Fig. 1 Composition of constitutive models of reinforced concrete (Maekawa et al. 2003) .
components. Hence, the authors propose the total shear stress carried by soil particles being expressed with regard to an integral of each component stress as, (Maki et al. 2005) .
In general, the volumetric components may fluctuate and affect the shear strength of the soil skeleton. In reality, the shear strength of soil may decay when increasing pore water pressure leads to reduced confining stress of soil particle skeleton. The multi-yield surface plastic envelope may inflate or contract according to the confinement stress as shown in Fig. 2 . It can be formulated by summing up the linear relation of the shear strength and the confinement stress as, For simulation of the pore water pressure and related softening of soil stiffness in shear, the volumetric nonlinearity of soil skeleton has to be taken into account. The authors simply divide the dilatancy into two components according to the microscopic events. One is the consolidation (negative dilation) as unrecoverable plasticity denoted by ε vc . The other is the positive dilatancy associated with alternate shear stress due to the overriding of soil particles, which is denoted by ε vd as,
where K 0 is the initial volumetric bulk stiffness of soil particles assembly and can be calculated by assuming the initial elastic Poisson's ratio denoted by ν (=0.2) as,
The volume reduction of pores among soil particles will cause increasing pore pressure under undrained states, which may lead to liquefaction. According to experiments of sandy soils, the following formulae are adopted as,
which is represented by the accumulated shear strain invariant of the soil skeleton denoted by J 2p (Maekawa and An 2000; Maki et al. 2005) 
If the relative density of soil is assumed to be D r , the following relation can be used to inversely decide J 2p,ini , which is a constant corresponding to the initial compactness of soil particles as,
The shear provoked dilation, which is path-independent and defined by the updated shear strain intensity J 2s , is empirically formulated as, Within this scheme, the liquefaction induced nonlinearity and cyclic dilatancy evolution can be consistently computed. Figure 3 shows the pure shear stress-strain relation and the corresponding pore pressure of perfect undrained soil. Here, the soil characterisitics are represented solely by the initial stiffness and the relative density. The pore water media is assumed to be perfect elastic body with no shear stiffness and Biot's two-phase theory (1962) was coupled with the effective stress model of soil skeleton as stated above. Mean shear stiffness decay and the following cyclic mobility are reproduced as shown in Fig. 3 .
The general 3D constitutive model of soil is directly applied to the 2D plane strain field to consider the high confinement along the tunnel axis. Here, out-of-plane strain is computationally forced to zero and the corresponding out-of-plane confining stress is computed as a variable together with the in-plane stresses, since the stress states are fully three-dimensional.
The multi-yield surface plasticity model has two main advantages. First, it can easily simulate the shear cyclic responses by means of the simplified algorithm with rather few material constants. Second, the pathdependency of soil can be represented only by the plastic strains (e m pij ) of all constituent components. As the multi-component scheme has the great similarity to the contact density model of crack shear transfer (Li et al. 1989 ) and the multi-directional crack modeling of reinforced concrete (Maekawa et al. 2003) , higher stability of computing soil-RC structural interaction is made possible.
The overall experimental verification of the interaction analysis was reported (JSCE 2002) in the case of drained soil with RC ducts. The model has been used to simulate the static and seismic behaviors of nonlinear soil-structure systems Nam et al. 2006) . Regarding the liquefiable soil-RC interaction, the applicability of the models used in this paper was examined and verified by Maki et al. (2005) .
Constitutive model for joint interface
It is obvious that the interface property has an influence on the entire soil-structure responses as well. As soil and structure have different nonlinearity, complete contact at the interfaces does not hold. The initial interface of the soil and the structure is naturally in mostly complete contact under static loads (self-weight and service loads) with lateral earth pressures that soil exerts on the structure. Under reversed cyclic shear due to the seismic excitations, however, rocking of a structure may cause gap-opening and shear sliding along the soil-structure contact especially when cohesive soil is assumed (Maekawa et al. 2003) .
In this paper, the contact interface model assuming a bilinear relation for the opening/closure mode is employed. The normal stress of the joint is assumed to be zero in the case of separation. The contact stiffness in closure mode is assigned to be so large as to numerically ensure no overlapping as shown in Fig. 4(a) . For the shear sliding mode, the shear stress-slip relation is assumed to be linear till the frictional limit as shown in Fig. 4(b) . A couple of contact planes are allowed to slide if the magnitude of the applied shear stress exceeds the frictional limit, which follows the Coulomb's law (Maekawa et al. 2008) . The initial state of the soilstructure interface must be simulated to represent the static earth pressure. This is achieved by performing an analysis that considers the body force of the soil mass alone before applying dynamic actions.
The current joint interface model can be applied to the states of soil liquefaction as well as the drained static and dynamic conditions and pre-liquefied soils. However, due to the dramatically reduced shear stiffness of liquefied soil similar to liquid, a quasi-hydrostatic pressure consequently develops inside the soil foundation after liquefaction and it allows less separation to occur between soil and RC joint interfaces. Then, the joint interface modeling occupies minor roles on the structural damage after liquefaction.
Simulation of liquefiable soil and RC ducts 3.1 Model properties
To investigate the seismic damages of underground RC ducts, a typical subway tunnel section is modeled whose wall and slab dimensions are shown in Fig. 5(a) . The center column to mainly support the dead weight of soil overlay has a rectangular cross section of 0.60 × 0.80 m and is idealized as firmly fixed to the upper and bottom slabs. The clear distance between two adjacent columns is 3.0 m. The tunnel which is regarded as the standard case is stiffened with 45° haunches at the corners and has a longitudinal reinforcement ratio of 1.1% for side walls and slabs, 1.6% for the column, and web reinforcement ratio of 0.2% for all elements. The soil deposit is assumed to be loose sand with a thickness of 15 m which is put on a 5-meter-thick layer of the nonliquefiable soil which lies on the bedrock as shown in Fig. 5(a) . The details of material property for reinforcement, concrete, joint interface and non-liquefiable clayey layer are shown in Table 1 .
By assuming the plane strain condition, the finite element mesh used in the analysis is composed of eightnode isoparametric 2D elements. The RC-soil interfacial elements are placed in between the soil and the RC elements. Since the angle of internal friction of the model sand is 30°, the friction angle of the interface is obtained by using the formulae tan -1 [(2/3) tanφ], which is about 21°. Totally, 7303 nodes and 2352 finite elements are arranged in the dynamic model. The north-south component of the rock base acceleration measured at 1995 Kobe earthquake, which is scale-adjusted to 0.3g based on the measurement at Kobe meteorological observatory, is used as the input bed rock motion. It shows the high horizontal ground acceleration with a short period as shown in Fig. 6. 
Boundary conditions
The boundary between the soil deposit and the bedrock (see Table 1 ) is simply assumed to be fixed and would act as the bottom boundary of the analysis domain at which the earthquake motion is imposed. The ground surface is assumed to be flat and free of loads. The underground water level is assumed to be at the level of ground surface so that the entire soil is saturated.
The soil deposit at the far fields should be assumed as the boundary of free shaking. In the shaking table tests of soil-structures, a laminar shear box may be used to simulate the quasi-far-field boundary (Towhata 2008) . Here, quasi-far-field elements with a length of 10 m are placed at each extreme side of the analysis domain as illustrated in Fig. 5(b) . Both stiffness and unit weight of far-field elements are increased 100 times fictitiously in order to computationally realize the free-excitation which is not substantially affected by the motion of the target domain of high nonlinear interaction with the structures. It should be noted that these fictitious parameters of these two boundary columns result in the same free natural frequencies and dynamic properties as those of the pure soil layers without underground structures. As the far-field mode of seismic motion is laminated simple shear, the horizontal length of these boundaries is selected approximately half of the domain height so that the bending deformational mode would not appear. In addition, confinement independent soil elements are used in the quasi-far-field zone in order to prevent the edge collapse in analysis. Consequently, this boundary simply makes the horizontal displacements at both right and left sides equal to each other, which is similar to the case of laminar shear boxes widely used in the shaking 75 % *) These properties are used for hard base bed of foundation for all parametric studies to numerically avoid liquefaction. **) Simple frictional model used.
Several trial analyses were carried out to determine the size of the analysis domain. Finally, a relatively large analyzed domain (200 m) was specified so as to make the wave reflection negligible.
Analysis procedure
As the seismic analysis of the soil-structure system requires an initial stress field of the static equilibrium before dynamic earthquake loads (Liu and Song 2005; Maekawa et al. 2003) , the static analysis of drained foundation was firstly performed. In general, reproduced static soil stress fields might depend on the process of construction works. But, it was confirmed by the preliminary analyses that the initial earth pressure on the RC ducts has minor influence on the damage of structures when high nonlinearity is induced to both soil and structure under large ground motions.
For investigating the effect of soil liquefaction on the structural damages, several models with and without the ducts are analyzed in both drained and undrained states of pore water with initial shear stiffness (G 0 ) varying from 12 MPa to 182 MPa as shown in Table 2 . The structure is assumed to be located inside the soil at a depth of 4 m without any change in the mesh property of the remaining soil elements. Then, the standard case of the RC duct is analyzed by using linear elastic elements with a Young modulus of 30,000 MPa, Poisson's ratio of 0.20 and the unit weight of 24 kN/m 3 , keeping the sandy soil property constant (G 0 = 35 MPa, D r =32 % and dry unit weight=14 kN/m 3 ). Finally, a parametric study is performed to investigate the effect of RC nonlinear properties. Wholly, 34 different cases are studied with different reinforcement ratios, different surrounding soil stiffness and two different yield strengths of steel. All these cases are analyzed in both drained and saturated soil conditions. It should be pointed out that the authors intentionally implement fully undrained conditions for saturated soil elements which may bring about earlier liquefaction than reality, because the aim of this study is to investigate the magnitude of damage to RC ducts by liquefiable soils. As a matter of fact, this assumption is not far from the facts that the required time for drainage of a several-meter-thick sand layer is 10-30 minutes, which is much longer than the duration time of earthquake loading (Towhata 2008 ). Figure 7 shows the shear response versus the Standard Penetration Test N-value (denoted by SPT) of soil layer for both cases of plain soil and with RC ducts in drained and undrained conditions. The values of maximum shear deformation are also shown in Table 3 for further discussion. Here, the shear deformation of the duct is defined as the drift angle between the upper and bottom slabs. It can be observed that current design approach based on the free-field ground displacement can predict the deformational demand on the underground RC ducts which are embedded in somehow stiffer soil mediums. In soft layers of soil which consists of loosely deposited sand, the required ductility of the duct in structural designs becomes smaller than that of the single soil medium. This is attributed to the reduced stiffness of the soil foundation compared to that of the RC duct ( Fig.  7(a) ). More or less, the required ductility of the structure rises according to the reduction of soil stiffness provided that no liquefaction takes place.
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Liquefaction induced damage to underground RC ducts
Besides, liquefaction may significantly bring about increased soil deformation which indicates large soil strains associated with greatly reduced shear stiffness. Accordingly, the ductility demand on the RC duct under liquefaction becomes larger than those of the drained case if N-value is more than 5. It means that the magnified soil deformation by liquefaction and the associated reduced stiffness of the foundation may not be balanced but the former factor gets extensive in view of the RC structural damage. The current designs tend to require further enhanced ductility in liquefiable foundation, which causes denser arrangement of web reinforcement and tends to accompany some difficulty of construction. Anyhow, this trend is consistent with the analytical results as discussed above.
On the contrary, if the soil is much loosely deposited (N-value less than 5), we have dramatically decreased deformations compared to the case of drained foundation as shown in Fig. 7(b) . The practical point of importance is that the maximum shear deformation finally declines according to the greatly reduced stiffness of the liquefied soil. This trend is hardly taken into account in current simplified design procedures with linear soilspring even though its stiffness is made degenerated.
The pore pressure ratio (the excessive pore pressure normalized by the initial effective overburden pressure) above and below the duct are shown in Fig. 8 . It can be seen that the liquefaction below the duct is comparatively minor. This is consistent with the site observation of the past earthquakes. As a matter of fact, the excessive uplift flotation of the underground lightweight structures would cause larger shear deformation of surrounding soil, which may occasionally cause the decrease in pore pressure. Under larger shear deformation, normal sand tends to dilate, which shall lead to the lowering of pore pressure (Liu and Song 2005) , that is to say, the cyclic mobility. Figure 9 shows the comparison of acceleration responses at the ground surface. It can be observed that the acceleration in liquefiable soil is much smaller than that of the drained dry soil. The earthquake energy would be damped out by dramatically reduced shear stiffness of soil skeleton and accompanying larger deformation which occur at the time of liquefaction. The acceleration response is not affected by the presence of the structure.
Effect of RC nonlinearity
The horizontal and vertical dynamic displacements of the linear elastic duct and the highly nonlinear RC are compared as shown in Fig. 10 and Fig. 11 , respectively. The duct exhibits some settlement during the ground motions in the drained condition, while liquefied soil pushes the underground duct upward significantly as observed in the past earthquakes and some laboratory tests (Towhata 2008) . Then, some countermeasures have been discussed to reduce the uplift of underground structures in liquefiable soils. The overall rigid body motion of the structure is hardly affected no matter how nonlinearly the underground ducts may behave. On the contrary, the averaged shear deformation of the linear duct is much smaller than that of the nonlinear case as demonstrated in Fig.  12 . RC nonlinearities cause the duct to accommodate more shear deformation. Besides, as the linear duct remains stiff during the earthquake motion, the adjacent unsaturated dry soil movement is restricted by the structure, and the shear stiffness degradation of the soil is limited (Huo et al. 2005) . In addition, the nominal shear stress of the center column, which has much to do with the axial load carrying capacity, demonstrates higher magnitude for the case of nonlinearity rather than the linear case of the structure as shown in Fig. 13 . It can be said that nonlinear interaction analysis is indispensable for safety design of underground structures. 
Yield strength of reinforcement
Cracking of concrete and plasticity of steel reinforcement are two major sources of RC nonlinearities. Increased yield strength of reinforcement would reduce nonlinearity of RC elements without varying initial stiffness. Figure 14 and Fig. 15 show the horizontal and vertical displacements of the duct respectively according to the higher yield strength of 400 MPa. By comparing these with the case of 240 MPa (Figs. 10 and 11) , it can be understood that the rigid body motion of the structure is not much affected by the steel nonlinearity. However, the high strength reinforcement would lead to slightly reduced shear response of the duct as shown in Fig. 16 . By minimizing the nonlinearity of reinforcement, the duct response would come closer to the linear one ( Fig. 12(a, c) ) although the duct still suffers from larger shear deformations especially in the dry soil. Figure 17 illustrates the crack pattern of the structure with increased yield strength at the end of dynamic analysis. It can be observed that large cracks are concentrated at the corners and both ends of the column. Since most of the major cracks occur at the early stages when the acceleration is large and the soil was not yet fully liquefied, the crack pattern in the dry and saturated soil is almost similar. There are small additional cracks at the internal side of the floor slab for the case of liquefaction, because of the "squeezing" pressure of liquefied soil beneath the structure to push it upward. This mechanism is discussed in (Koseki et al. 1997a; Hashash et al. 2001; Liu and Song 2006) as the main cause for the uplift of underground structures.
Effect of Reinforcement ratio
The main reinforcement ratio is a key parameter to control the performance of structures practically at the design stage. Thus, parametric analyses with different reinforcement ratios (Table 4 ) are performed to investigate the responses and damages of the structure associated with the ductility and the shear capacity. The horizontal and vertical displacement responses are not influenced by the amount of longitudinal reinforcement as shown in Fig. 18 and Fig. 19 . By comparing Fig. 20 with Fig. 12(b, d) , it can be said that the imposed structural shear deformation from soil foundation is reduced to about 70% of the standard case by placing two time large amount of reinforcement, and also increases about 20% by placing the half amount of reinforcement. In view of the structural damage control, the effectiveness of the reinforcement ratio is found to be comparable no matter how much likely the soil liquefaction occurs. On the other hand, the ductility of the column compression members can be simply estimated (JSCE 2002) 
where V u is the shear capacity of the RC member, H is the shear span (half of the column height in the case of RC duct), M u is the flexural capacity. When the ductility index φ is greater than 1.3~1.5, practically sufficient inelastic deformation is realized. If it is less than unity, shear failure may take place before yielding of main reinforcement and brittle failure will be initiated. As the main reinforcement ratio is almost proportional to M u , it must be noted that the increased main reinforcement may decline the RC ductility as well. In considering the sensitivity of reinforcement ratio on the structural ductility (output) and imposed deformation (input) from soil foundation, generally, heavy reinforcement is thought not to be effective. Figure 21 shows the effect of soil stiffness on the maximum shear deformation response of the duct in Table 4) . By comparing Fig. 21(a,  b) with Fig. 7(a, b) , it can be understood that the reduced amount of main reinforcement may greatly increase the ductility demand of the duct especially in the softer layers of soil deposit which structural properties become more effective and predominant. Liquefaction, however, deteriorates the surrounding soil stiffness and thus the deformational demand on the RC duct consequently decreases as shown in Fig. 21(c, d) . The maximum shear deformation of the duct in the case C increases when the soil is extremely soft (N-value = 1) and full saturated as shown in Fig. 21(d) , which is in contrast with Figs. 21(c) and 7(b). It is due to high plasticity of yielded reinforcement having low amount of reinforcement in the case C before soil is fully liquefied. However, it is still smaller than that of the same duct under the drained condition. If this highly nonlinear interaction would not be con- sidered for the risk of liquefaction, over-reinforcement of web steel, which currently matters in practice, is not unavoidable.
Effect of Input Excitation
In order to investigate the characteristics of input seismic excitations, another earthquake record is tried. The north-south component recorded at Hachinohe City during the Tokachi-oki earthquake of 1968, which is known to have its elongated period, is selected and scaled to 0.3g as shown in Fig. 22 . Then, the same procedure which was applied in section 4.1 is followed with the Hachinohe record. The results are shown in Fig. 23 , which can be compared by Fig. 7 . Besides, in order to make the discussion more clear, the relative shear deformation is employed, which is defined as the maximum shear deformation of the structure normalized by the maximum distortion of free-field ground response and can be expressed (Wang 1993) as,
where γ is the maximum angular drift of the rectangular RC duct. The relative shear deformation of the duct in drained and undrained conditions is given in Table 5 and can be compared for different input motions. By contrast, the conclusion made in section 4.1 is found to be valid for different kinds of earthquake properties as long as the surrounding soil fully liquefies.
Conclusions
Strong coupling effect of highly nonlinear liquefiable soil and inelastic underground RC was investigated, and consequent damage induced to reinforced concrete was focused in consideration of rising pore water pressure and the drastic reduction of shear stiffness of soil particle skeleton. The parametric study brings about the following conclusions in practice. 1) In case of the drained state of soil foundation without liquefaction, the smaller stiffness of soil layer is, the larger ductility of the underground RC duct is demanded in structural design. Consequently, large amount of web reinforcement is being specified in practical design. 2) In case of the liquefiable soil, however, the structural damage is found to be reduced owing to the significantly reduced shear stiffness of soil foundation, even though the larger soil deformation is realized. Thus, the ductility demand to the structure is sharply lighten due to the effect of soil seismic isolation under very loosely deposited foundation. If this high nonlinearity would not be considered in practice, so heavy reinforcement is inevitably forced which causes difficulty of concreting works. Of course, it should be pointed out that some countermeasures such as sheet piling and controlling the weight of tunnels should be considered to reduce the rigid body motion of underground structures in liquefiable soils as being conducted in practice. The shear deformation and the uplift are in relation of trade-off as simulated in this study.
3) The uplift rigid body motion caused by liquefaction is hardly affected by the nonlinearity of underground RC. In other words, the uplift stability cannot be controlled well by the structural design except for self-weight. In fact, lots of underground ducts were reported to drift upwards without accompanying any structural damage. These past experiences are confirmed by the nonlinear coupling analysis as well. 4) Reinforcement with higher yield strength may reduce the deformation and the damage to RC ducts. But its effectiveness is practically negligibly small. 5) Increased main reinforcement may reduce the mean deformation and material damages to the underground ducts with similar magnitude for both drained and undrained states of soil foundation. If the soil is loosely deposited with high risk of liquefaction, the structural damage may be less than the case of unsaturated dry soil. 
